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(57) ABSTRACT

Methods and apparatus for operating an internal combustion
engine are provided. The engine has an engine block defining
a cylinder accommodating a reciprocating piston coupled to
rotate a crankshaft, a fuel injector for injecting fuel inside the
cylinder, and a crank position sensor positioned proximal to
the crankshaft. A method includes commanding the fuel
injector to perform a test fuel injection with a predetermined
energizing time and using the crank position sensor to deter-
mine a crankshaft acceleration signal during the test fuel
injection. The crankshaft acceleration signal is filtered and a
value of an amplitude of a fundamental frequency component
of'the filtered crankshaft acceleration signal is determined. A
correction factor of the predetermined energizing time is
determined based on a difference between the determined
value of the amplitude and a preset value thereof. The correc-
tion factor is used to correct an energizing time of subsequent
fuel injections.
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1
METHOD FOR OPERATING AN INTERNAL
COMBUSTION ENGINE USING A
CORRECTED ENERGIZING TIME FOR FUEL
INJECTIONS

TECHNICAL FIELD

This application claims priority to British Patent Applica-
tion No. 1118093.2, filed Oct. 20, 2011, which is incorpo-
rated herein by reference in its entirety.

TECHNICAL AREA

The technical field relates to a method for operating an
internal combustion engine.

BACKGROUND

Internal combustion engines are provided with cylinders,
each one having a piston coupled to rotate a crankshaft. A fuel
and air mixture is injected into a combustion chamber of each
cylinder and ignited, resulting in hot expanding exhaust gas-
ses causing reciprocal movement of the piston, the fuel being
provided by injectors which in turn receive fuel at high pres-
sure from a fuel common rail that is in fluid communication
with a high pressure fuel pump.

Internal combustion engines are also generally equipped
with an Electronic Control Unit (ECU) and the crankshaft is
generally equipped with a crank position sensor suitable to
send crankshaft signals to the ECU.

In order to improve the characteristics of exhaust emissions
and reduce combustion noise in engines, particularly Diesel
engines having a common-rail fuel injection system, a so-
called multiple fuel injection pattern is adopted according to
which the fuel quantity to be injected in each cylinder at each
engine cycle is split into a plurality of injections. Thus, a
typical multiple injection pattern may include preliminary
injections (also known as pilot injections), which may be in
turn split into two or more injection pulses, followed by one or
more main injection pulses, followed by a number of after and
post injection pulses.

The pilot injection pulses have an effect both on the level of
combustion noise and exhaust emissions, and their duration
or energizing time (ET) is generally mapped in memories of
the electronic injection control unit. The mapped values of the
energizing time are predetermined with reference to an injec-
tion system having nominal characteristics, i.e. components
having no drifts.

However, the fuel quantity which is actually injected by an
injector into the corresponding engine cylinder is inevitably
affected by drifts, with respect to the desired or nominal value
and this fact, during the vehicle lifetime, causes a variation of
the combustion noise and exhaust emission characteristics.

Therefore fuel compensation strategies are used to correct
the injected fuel quantity in a combustion engine during injec-
tor lifetime and periodically adjust the injector energizing
time in order to have repetitive performance and accuracy in
the fuel injected quantity along the life of the injector.

Also, pilot injections are in the range of a strong non-
linearity of the injector performance and therefore more in
need of being subjected to a compensation strategy.

To correct the fuel injected quantity, the injector energizing
time strategy runs during engine overruns, for example when
the automotive vehicle’s driver releases the pressure on the
accelerator pedal.
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During these overruns, the Electronic Control Unit of the
engine commands a calibratable test injection (e.g. 1 mm? of
fuel) in one of the cylinder of the engine, while the other
injectors are de-energized.

The injected fuel quantity is proportional to the crankshaft
acceleration, and injector energizing time strategies process
crankshaft timing in order to obtain a signal that is propor-
tional to the acceleration and so to the injected quantity.

The crankshaft acceleration signal is processed taking into
account the following considerations.

In an internal combustion reciprocating engine, the gas-
pressure torque in each cylinder is a periodic function due to
the thermodynamic cycle. In a 4-stroke engine the gas-pres-
sure torque has a period of 720° CR (frequency 0.5 w). There-
fore the gas-pressure torque in a 4-stroke engine can be
expressed by means of a Fourier’s series having fundamental
frequency 0.5 w (so the frequencies involved in the series are
05w, 10w, 15w, 20w, 25w, 3.0 w, etc. . . . ). The
fundamental frequency having frequency 0.5 w is called com-
ponent of order 0.5. It has a period of 720° CR.

The injector energizing time signal processing strategy
selects the order 0.5 (injection order for an engine where only
1 cylinder is firing and the others are not firing, meaning that
there is 1 firing event each 720° CR) and compares this signal
to a predefined threshold in order to detect the correct injector
energizing time for the pilot injected fuel quantity.

However crankshaft signal is very sensitive to noise, and
noise frequency can be dependent from the driveline. From
experience, especially in case of higher gears, the character-
istic driveline resonance frequency is very close to the firing
order (0.5) selected for the injector energizing time learning
strategy; this generates errors in the correct energizing time
estimation with negative effects on noise, emissions and driv-
ability, and, in some cases, leads to the deactivation of the
learning strategy.

From an analysis on different drivelines and applications to
detect the noisy resonance frequency of the high gears, it is
possible to obtain the following results for the gear dependent
noisy frequency:

EXAMPLE 1

Gear 5->noisy frequency 0.4
Gear 6->noisy frequency 0.488

EXAMPLE 2

Gear 5->noisy frequency 0.357

Gear 6->noisy frequency 0.4465

In addition, drivelines can have a noisy frequency that is
not gear dependent. All these noisy frequencies are close to
the firing frequency of order 0.5 and they can also change due
to driveline tolerances, production spread and aging.

In these cases, a classic approach to the crankshaft signal
processing for injector energizing time strategy is not suffi-
cient to obtain a valuable signal.

This problem is even more serious considering that many
vehicles have, for fuel savings reason, high gear ratios.

Moreover, in numerous cases, depending on driving styles
in particular on highways, injector energizing time strategies
that operate when the vehicle is in a high gear are generated.

Accordingly, at least one object herein is to extend the fuel
delivery compensation strategy to higher gears in case of
noisy driveline.

Another object is to provide a method for compensating
fuel delivery without using complex devices and by taking
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advantage from the computational capabilities of the Elec-
tronic Control Unit (ECU) of the vehicle.

Another object of the present disclosure is to meet these
goals by means ofa simple, rational and inexpensive solution.

It is at least one object herein to provide a motor vehicle or
a method for controlling a motor vehicle in which the guid-
ance of the motor vehicle is made substantially more com-
fortable through simple measures. In addition, other objects,
desirable features and characteristics will become apparent
from the subsequent summary and detailed description, and
the appended claims, taken in conjunction with the accompa-
nying drawings and this background.

SUMMARY

In an exemplary embodiment, a method for operating an
Internal Combustion Engine is provided. In accordance with
the method, an engine comprises an engine block defining a
cylinder accommodating a reciprocating piston coupled to
rotate a crankshaft, a fuel injector for injecting fuel inside the
cylinder, and a crank position sensor positioned proximal to
the crankshaft. The method comprises the steps of:
commanding the fuel injector to perform a test fuel injection
with a predetermined energizing time;
using the crank position sensor to determine a crankshaft
acceleration signal during the test fuel injection,
filtering the determined crankshaft acceleration signal,
determining a value of an amplitude of a fundamental fre-
quency component of the filtered crankshaft acceleration sig-
nal,
determining a correction factor of the energizing time on the
basis of a difference between the determined value of the
amplitude of the fundamental frequency component and a
preset value thereof, and
using the correction factor to correct the energizing time of
subsequent fuel injections performed by the fuel injector,
wherein the filtering of the crankshaft acceleration signal
comprises the steps of:
identifying a frequency of the crankshaft acceleration signal
to be filtered, and
filtering out the identified frequency from the crankshaft
acceleration signal.

With regards to this embodiment, especially in case of high
gears, when an injector energizing time strategy is performed
for correcting the fuel delivery of a pilot injection, the noise
frequency generated by the driveline that is generally close to
the fundamental frequency of order 0.5 of the crankshaft
acceleration signal is filtered out, it possible to obtain a
cleaner signal to perform the injector energizing time strat-
egy.

A cleaner signal improves the accuracy of the injector
energizing time strategy with benefits on reduction of noise
and emissions and improved drivability.

According to a further embodiment, the step of identifica-
tion of a frequency of the crankshaft acceleration signal com-
prises a search for a local maximum and a local minimum of
the crankshaft acceleration signal in a predetermined time
interval to determine the half period of the signal and conse-
quently its frequency and the step of assuming the frequency
as a noise frequency of the crankshaft acceleration signal.

In this regard, a quick procedure to identify the noise fre-
quency of the crankshaft acceleration signal is provided.

In a further embodiment, the step of filtering out the iden-
tified noise frequency from the crankshaft acceleration signal
comprises the use of a notch filter calibrated on the identified
noise frequency of the crankshaft acceleration signal.
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With this embodiment, a straightforward procedure to
eliminate or attenuate the noise frequency of the crankshaft
acceleration signal is provided.

According to another embodiment, the filtering procedure
comprises a step of identification of an optimal notch filter for
filtering out the identified frequency from the crankshaft
acceleration signal.

In this regard, the best filter to filter out the noise frequency
is determined starting from a typical noise frequency for a
certain driveline and a particular gear.

According to another embodiment, the step of identifica-
tion of the optimal notch filter comprises the calibration of a
plurality of notch filters, each of the notch filters being suit-
able to filter out a different frequency centered around a
typical frequency of the noise of the crankshaft acceleration
signal and the choice, among the plurality of notch filter, of
the notch filter that minimizes a parameter proportional to the
amplitude of the noise.

This embodiment can be implemented via software in the
Electronic Control Unit of the engine in such way that each
notch filter can be applied in parallel or using a for-cycle to the
crankshaft acceleration signal.

According to another embodiment, the parameter propor-
tional to the amplitude of the noise is calculated by filtering
the crankshaft acceleration signal with each of the notch
filters in order to obtain an output crankshaft acceleration
filtered signal for each notch filter, each crankshaft accelera-
tion filtered signal being compared to an average value of the
crankshaft acceleration signal in order to calculate the devia-
tion from the average value of each crankshaft acceleration
filtered signal, and by integrating the deviation from the aver-
age value of each crankshaft acceleration filtered signal to
calculate an integral value proportional to the amplitude of
the noise for each crankshaft acceleration filtered signal.

This embodiment allows ranking of the various filters
according to their effect on the signal that they are filtering.

According to another embodiment, the choice of the opti-
mal notch filter is performed by selecting the minimum inte-
gral value between all the integral values and by choosing the
notch filter that corresponds to the minimum integral value.

Another embodiment provides an apparatus for operating
an Internal Combustion Engine, the engine comprising an
engine block defining a cylinder accommodating a recipro-
cating piston coupled to rotate a crankshaft, a fuel injector for
injecting fuel inside the cylinder, and a crank position sensor
positioned proximal to the crankshaft, the apparatus compris-
ing:
means for commanding the fuel injector to perform a test fuel
injection with a predetermined energizing time;
means for using the crank position sensor to determine a
crankshaft acceleration signal during the test fuel injection,
means for filtering the determined crankshaft acceleration
signal,
means for determining a value of an amplitude of a funda-
mental frequency component of the filtered crankshaft accel-
eration signal,
means for determining a correction factor of the energizing
time on the basis of a difference between the determined value
of the amplitude of the fundamental frequency component
and a preset value thereof, and
means for using the correction factor to correct the energizing
time of subsequent fuel injections performed by the fuel
injector,
wherein the means for filtering the crankshaft acceleration
signal comprises:
means for identifying a frequency of the crankshaft accelera-
tion signal to be filtered, and
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means for filtering out the identified frequency from the
crankshaft acceleration signal.

Still another embodiment provides an automotive system
comprising an internal combustion engine, the engine com-
prising a cylinder accommodating a reciprocating piston
coupled to rotate a crankshaft, a fuel injector for injecting fuel
inside the cylinder, and a crank position sensor, suitable to
send crankshaft signals to an Electronic Control Unit of the
engine, wherein the Electronic Control Unit is configured to:
command the fuel injector to perform a test fuel injection with
a predetermined energizing time;
use the crank position sensor to determine a crankshaft accel-
eration signal during the test fuel injection,
filter the determined crankshaft acceleration signal,
determine a value of an amplitude of'a fundamental frequency
component of the filtered crankshaft acceleration signal,
determine a correction factor of the energizing time on the
basis of a difference between the determined value of the
amplitude of the fundamental frequency component and a
preset value thereof, and
use the correction factor to correct the energizing time of
subsequent fuel injections performed by the fuel injector,
wherein the filtering of the crankshaft acceleration signal
comprises the steps of:
identifying a frequency of the crankshaft acceleration signal
to be filtered, and
filtering out the identified frequency from the crankshaft
acceleration signal.

Still another embodiment provides an automotive system
comprising an internal combustion engine, the engine com-
prising an engine block defining a cylinder accommodating a
reciprocating piston coupled to rotate a crankshaft, a fuel
injector for injecting fuel inside the cylinder, and a crank
position sensor positioned proximal to the crankshaft, the
sensor being suitable to send crankshaft signals to an Elec-
tronic Control Unit of the engine, wherein the Electronic
Control Unit is configured to:
command the fuel injector to perform a test fuel injection with
a predetermined energizing time;
use the crank position sensor to determine a crankshaft accel-
eration signal during the test fuel injection,
filter the determined crankshaft acceleration signal,
determine a value of an amplitude of'a fundamental frequency
component of the filtered crankshaft acceleration signal,
determine a correction factor of the energizing time on the
basis of a difference between the determined value of the
amplitude of the fundamental frequency component and a
preset value thereof, and
use the correction factor to correct the energizing time of
subsequent fuel injections performed by the fuel injector,
wherein the filtering of the crankshaft acceleration signal
comprises the steps of:
identifying a frequency of the crankshaft acceleration signal
to be filtered, and
filtering out the identified frequency from the crankshaft
acceleration signal.

The method according to one embodiment can be carried
out with the help of a computer program comprising a pro-
gram-code for carrying out all the steps of the method
described above, and in the form of computer program prod-
uct comprising the computer program.

The computer program product can be embodied as a con-
trol apparatus for an internal combustion engine, comprising
an Electronic Control Unit (ECU), a data carrier associated to
the ECU, and the computer program stored in a data carrier, so
that the control apparatus defines the embodiments described
in the same way as the method. In this case, when the control
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apparatus executes the computer program all the steps of the
method described above are carried out.

The method according to a further embodiment can be also
embodied as an electromagnetic signal, said signal being
modulated to carry a sequence of data bits which represents a
computer program to carry out all steps of the method.

A still further embodiment of the disclosure provides an
internal combustion engine specially arranged for carrying
out the method claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The various embodiments will hereinafter be described in
conjunction with the following drawing figures, wherein like
numerals denote like elements, and wherein:

FIG. 1 shows an automotive system;

FIG. 2 is a cross-section of an internal combustion engine
belonging to the automotive system of FIG. 1;

FIG. 3 is a schematic representation of a fuel delivery
compensation strategy;

FIG. 4 is a schematic representation of a frequency learn-
ing procedure according to an embodiment;

FIG. 5 is a schematic representation of a fuel delivery
compensation strategy according to an embodiment;

FIG. 6 is a schematic representation of a filter learning
procedure according to an embodiment; and

FIG. 7 is a schematic representation of a fuel delivery
compensation strategy according to another embodiment.

DETAILED DESCRIPTION

The following detailed description is merely exemplary in
nature and is not intended to limit the various embodiments or
the application and uses thereof. Furthermore, there is no
intention to be bound by any theory presented in the preced-
ing background or the following detailed description.

Exemplary embodiments will now be described with ref-
erence to the enclosed drawings without intent to limit appli-
cation and uses.

Some embodiments may include an automotive system
100, as shown in FIGS. 1 and 2, that includes an internal
combustion engine (ICE) 110 having an engine block 120
defining atleast one cylinder 125 having a piston 140 coupled
to rotate a crankshaft 145. A cylinder head 130 cooperates
with the piston 140 to define a combustion chamber 150. A
fuel and air mixture (not shown) is disposed in the combus-
tion chamber 150 and ignited, resulting in hot expanding
exhaust gasses causing reciprocal movement of the piston
140. The fuel is provided by at least one fuel injector 160 and
the air through at least one intake port 210. The fuel is pro-
vided at high pressure to the fuel injector 160 from a fuel rail
170 in fluid communication with a high pressure fuel pump
180 that increase the pressure of the fuel received a fuel
source 190. Each of the cylinders 125 has at least two valves
215, actuated by a camshaft 135 rotating in time with the
crankshaft 145. The valves 215 selectively allow air into the
combustion chamber 150 from the port 210 and alternately
allow exhaust gases to exit through a port 220. In some
examples, a cam phaser 155 may selectively vary the timing
between the camshaft 135 and the crankshaft 145.

The air may be distributed to the air intake port(s) 210
through an intake manifold 200. An air intake duct 205 may
provide air from the ambient environment to the intake mani-
fold 200. In other embodiments, a throttle body 330 may be
provided to regulate the flow of air into the manifold 200. In
still other embodiments, a forced air system such as a turbo-
charger 230, having a compressor 240 rotationally coupled to
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a turbine 250, may be provided. Rotation of the compressor
240 increases the pressure and temperature of the air in the
duct 205 and manifold 200. An intercooler 260 disposed in
the duct 205 may reduce the temperature of the air. The
turbine 250 rotates by receiving exhaust gases from an
exhaust manifold 225 that directs exhaust gases from the
exhaust ports 220 and through a series of vanes prior to
expansion through the turbine 250. The exhaust gases exit the
turbine 250 and are directed into an exhaust system 270. This
example shows a variable geometry turbine (VGT) with a
VGT actuator 290 arranged to move the vanes to alter the flow
of'the exhaust gases through the turbine 250. In other embodi-
ments, the turbocharger 230 may be fixed geometry and/or
include a waste gate.

The exhaust system 270 may include an exhaust pipe 275
having one or more exhaust aftertreatment devices 280. The
aftertreatment devices may be any device configured to
change the composition of the exhaust gases. Some examples
of aftertreatment devices 280 include, but are not limited to,
catalytic converters (two and three way), oxidation catalysts,
lean NO, traps, hydrocarbon adsorbers, selective catalytic
reduction (SCR) systems, and particulate filters. Other
embodiments may include an exhaust gas recirculation
(EGR) system 300 coupled between the exhaust manifold
225 and the intake manifold 200. The EGR system 300 may
include an EGR cooler 310 to reduce the temperature of the
exhaust gases in the EGR system 300. An EGR valve 320
regulates a flow of exhaust gases in the EGR system 300.

The automotive system 100 may further include an elec-
tronic control unit (ECU) 450 in communication with one or
more sensors and/or devices associated with the ICE 110. The
ECU 450 may receive input signals from various sensors
configured to generate the signals in proportion to various
physical parameters associated with the ICE 110. The sensors
include, but are not limited to, a mass airflow and temperature
sensor 340, a manifold pressure and temperature sensor 350,
a combustion pressure sensor 360, coolant and oil tempera-
ture and level sensors 380, a fuel rail pressure sensor 400, a
cam position sensor 410, a crankshaft position sensor 420,
exhaust pressure and temperature sensors 430, an EGR tem-
perature sensor 440, and an accelerator pedal position sensor
445.

The crankshaft position sensor 420 is an electronic device
used to monitor the position or rotational speed of the crank-
shaft 145 and can be mounted proximal to the crankshaft 145
itself in order to sense rotational displacement of the crank-
shaft 145 and send corresponding signals to the ECU 450.

Furthermore, the ECU 450 may generate output signals to
various control devices that are arranged to control the opera-
tion of the ICE 110, including, but not limited to, the fuel
injectors 160, the throttle body 330, the EGR Valve 320, the
VGT actuator 290, and the cam phaser 155. Note, dashed
lines are used to indicate communication between the ECU
450 and the various sensors and devices, but some are omitted
for clarity.

Turning now to the ECU 450, this apparatus may include a
digital central processing unit (CPU) in communication with
a memory system, or data carrier 460, and an interface bus.
The CPU is configured to execute instructions stored as a
program in the memory system, and send and receive signals
to/from the interface bus. The memory system may include
various storage types including optical storage, magnetic
storage, solid state storage, and other non-volatile memory.
The interface bus may be configured to send, receive, and
modulate analog and/or digital signals to/from the various
sensors and control devices. The program may embody the
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methods disclosed herein, allowing the CPU to carryout out
the steps of such methods and control the ICE 110.

More specifically, FIG. 3 shows a schematic representation
of a fuel delivery compensation strategy in accordance with
an exemplary embodiment.

The strategy starts by reading a crankshaft signal by means
of the crankshaft position sensor 420, then the signal is pro-
cessed (block 10) in order to acquire a crankshaft acceleration
signal.

In particular, the crankshaft acceleration signal is acquired
in response to a fuel test quantity injected by a pilot injection
when a vehicle 50 that contains the crankshaft 145 experi-
ences a cutoft of fuel, for example when the driver releases the
pressure on the accelerator pedal.

The processed signal is shown in graph 20, the signal being
expressed by a series of frequencies 0.5 w, 1.0w, 1.5w, 2.0 w,
2.5w,3.0w, etc. . . ., having fundamental frequency 0.5 w.

The signal is then processed by a series of mathematical
techniques such as antialiasing, Bandpass Filtering (BPF)
and average removal (block 30).

The resulting signal is represented in graph 40 where only
the first two frequencies are shown.

Finally, the injector 160 is energized (graph 60) employing
the correct injector energizing time for the injected fuel quan-
tity, correcting therefore the fuel quantity injected 70 with a
correction fuel amount 80 determined comparing the pro-
cessed crankshaft signal to a predefined threshold signal.

According to an embodiment, an additional signal process-
ing step is provided in order to filter the noise present in a
crankshaft acceleration signal, especially in case of high
gears.

According to an embodiment, the noisy frequency is fil-
tered out employing a notch filter. A notch filter is a filter
which rejects or attenuates a frequency inside a narrow range
of frequencies. An exemplary notch filter used for this proce-
dure is an Infinite Impulse Response (IIR) notch filter.

When an overrun condition occurs, an injector energizing
time strategy is enabled and a test injection is performed on
one cylinder 125.

The injector energizing time strategy can be enhanced in
two different ways: frequency learning and filter learning.

For the frequency learning embodiment, the following pro-
cedure is employed on a crankshaft signal 500 (FIG. 4).

In an observation window or a predetermined time interval
that starts when the test injection is active and is represented
in graph 510 of FIG. 4, an algorithm searches a local mini-
mum and a local maximum of the crankshaft processed signal
CS.

Then the algorithm calculates the half period T/2 of the
signal and consequently its frequency. The frequency is then
assumed as a noise frequency f, ofthe crankshaft acceleration
signal.

This frequency f, (block 520) is stored in nonvolatile
memory of the data carrier 460. A calibratable Infinite
Impulse Response (IIR) notch filter (block 530) is then imple-
mented in the software of the Electronic Control Unit 450, the
notch filter being calibrated to filter out frequency f,.

FIG. 5 is a schematic representation of a fuel delivery
compensation strategy according to an embodiment and
using the noise frequency f, learned according to the previ-
ously described procedure.

In this case, the crankshaft acceleration signal is processed
(in block 525) in order be expressed in terms of the funda-
mental frequency 0.5 w.

At the same time the crankshaft acceleration signal, sche-
matically represented in graph 540, is subjected to the fre-
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quency learning procedure (block 515) in order to determine
crankshaft signal noise frequency £,.

Then the calibratable Infinite Impulse Response (IIR)
notch filter (block 530) that is calibrated in such a way as to
eliminate frequency £, is implemented.

Finally the notch filter 530 is applied to the crankshaft
signal in order to filter out the noisy frequency f,, and the
output signal is used as feedback for the small quantity adjust-
ment strategy (in block 550).

According to another embodiment, a filter learning proce-
dure (exemplified in FIG. 6) is employed.

In an observation window for the crankshaft signal 500, a
certain number N of Infinite Impulse Response (IIR) notch
filters are calibrated around the typical noise frequency of the
driveline for a certain application (block 560).

The calibration can be made with the help of a calculation
tool. For example, if N=5, the notch filter 3 can be calibrated
with central frequency f,, filters 2 and 4 at £ +A, filters 1 and
5 £,£2A, where A is a certain distance in frequency from
frequency {,.

All the N filters are applied to the crankshaft signal (in
parallel or using a for-cycle) and therefore an output filtered
signal F_out(i) is calculated.

In addition, the average value of the crankshaft signal
CS_Avg is calculated.

Then for each filter, the deviation from the average value
(F_out(i1)-CS_Avg) proportional to the noise is calculated
and integrated inside a predetermined interval of time.

At the end of the integration, each filter is associated with
a corresponding integrated value F_int(i) that is proportional
to the amplitude of the noise.

With a minimum research algorithm (block 570), the mini-
mum F_int(j) between all the F_int(i) with i=1-N is calcu-
lated and the index j is stored in non-volatile memory of the
data carrier 460.

This index is associated (block 580) with the filter 630 that
has a central notch frequency closer to f, and so is the best
filter for that driveline to reject the noise.

FIG. 7 is a schematic representation of a fuel delivery
compensation strategy according to an embodiment and
using the learned filter according to the previously described
procedure.

In this case, the crankshaft acceleration signal is processed
(in block 525) in order be expressed in terms of the funda-
mental frequency 0.5 w.

At the same time the crankshaft acceleration signal sche-
matically represented in graph 540 is subjected to the filter
learning procedure (block 565) in order to determine a battery
of filters calibrated around the typical noise frequency of the
driveline for a certain application (block 565).

Then each filter is applied to the crankshaft signal in order
select the various coefficients (block 575) and the best or
optimal filter is selected (block 585).

Then the best Infinite Impulse Response (IIR) notch filter
eliminating noise frequency £, is implemented.

Finally the best notch filter 630 is applied to the crankshaft
signal in order to filter out the noisy frequency and the output
signal can be used as feedback for the small quantity adjust-
ment strategy (in block 550).

In all the embodiments, the frequency or the filter learning
procedure shall be repeated after a certain number of kilome-
ters traveled by the vehicle 50 to adjust for driveline aging.

The frequency or filter learning procedure can be repeated
for each gear that has a noise frequency close to the firing
order, and for each of such gear, a frequency, or a filter index
shall be stored in the data carrier 460.
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When the frequency or the filter learning has been per-
formed, the signal processing section shall apply the notch
filter to the crankshaft signal, and so the output signal can be
used as feedback for the small quantity adjustment strategy.

The various embodiments provide improved reduction of
noise and emissions and improved drivability.

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or exem-
plary embodiments are only examples, and are not intended to
limit the scope, applicability, or configuration in any way.
Rather, the foregoing detailed description will provide those
skilled in the art with a convenient road map for implementing
an exemplary embodiment, it being understood that various
changes may be made in the function and arrangement of
elements described in an exemplary embodiment without
departing from the scope of the invention as set forth in the
appended claims and their legal equivalents.

What is claimed is:

1. A method for operating an internal combustion engine,
the internal combustion engine comprising an engine block
defining a cylinder accommodating a reciprocating piston
coupled to rotate a crankshaft, a fuel injector for injecting fuel
inside the cylinder, and a crank position sensor positioned
proximal to the crankshaft, the method comprising the steps
of:

commanding the fuel injector to perform a test fuel injec-

tion with a predetermined energizing time;

using the crank position sensor to determine a crankshaft

acceleration signal during the test fuel injection;

filtering the crankshaft acceleration signal and obtaining a

filtered crankshaft acceleration signal;
determining a value of an amplitude of a fundamental
frequency component of the filtered crankshaft accelera-
tion signal and obtaining a determined value of the
amplitude of the fundamental frequency component;

determining a correction factor of the predetermined ener-
gizing time on a basis of a difference between the deter-
mined value of the amplitude of the fundamental fre-
quency component and a preset value thereof; and

using the correction factor to correct an energizing time of
subsequent fuel injections performed by the fuel injec-
tor,

wherein the filtering of the crankshaft acceleration signal

comprises the steps of:
identifying a frequency (f,) of the crankshaft accelera-
tion signal to be filtered by searching for a local maxi-
mum and a local minimum of the crankshaft accelera-
tion signal in a predetermined time interval to
determine a half period (T/2) of the crankshaft accel-
eration signal and consequently its frequency and
assuming the frequency as a noise frequency (f,) of
the crankshaft acceleration signal, and
filtering out the frequency (f,) from the crankshaft accel-
eration signal including:
identifying an optimal notch filter for filtering out the
noise frequency (f,) from the crankshaft accelera-
tion signal,
calibrating a plurality of notch filters, each of the
plurality of notch filters being suitable to filter out a
different frequency centered around a typical fre-
quency of a noise of the crankshaft acceleration
signal,
selecting a minimum integral value (F_int(j))
between all integral values (F_int(i)) and by choos-
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ing the notch filter that corresponds to the mini-
mum integral value (F_int(i)), and

choosing, among the plurality of notch filters, a notch
filter that minimizes a parameter proportional to an
amplitude of the noise,

wherein the parameter proportional to the amplitude of the

noise is calculated by filtering the crankshaft accelera-
tion signal with each of the plurality of notch filters in
order to obtain an output crankshaft acceleration filtered
signal (F_out(1)) for each of the plurality of notch filters,
each output crankshaft acceleration filtered signal
(F_out(i)) being compared to an average value of the
crankshaft acceleration signal (CS_Avg) in order to cal-
culate a deviation (F_out(i)-CS_Avg) from the average
value of each output crankshaft acceleration filtered sig-
nal, and by integrating the deviation from the average
value (F_out(i)-CS_Avg) of each output crankshaft
acceleration filtered signal to calculate an integral value
(F_int(i)) proportional to the amplitude of the noise for
each output crankshaft acceleration filtered signal.

2. The method according to claim 1, wherein the step of
filtering out the noise frequency (f,) from the crankshaft
acceleration signal comprises using a notch filter calibrated
on the noise frequency (f,) of the crankshaft acceleration
signal.

3. An apparatus for operating an internal combustion
engine, the internal combustion engine comprising an engine
block defining a cylinder accommodating a reciprocating
piston coupled to rotate a crankshaft, a fuel injector for inject-
ing fuel inside the cylinder, and a crank position sensor posi-
tioned proximal to the crankshaft, the apparatus comprising:

means for commanding the fuel injector to perform a test

fuel injection with a predetermined energizing time;

means for using the crank position sensor to determine a

crankshaft acceleration signal during the test fuel injec-
tion and obtain a determined crankshaft acceleration
signal;

means for filtering the determined crankshaft acceleration

signal and obtaining a filtered crankshaft acceleration
signal;

means for determining a value of an amplitude of a funda-

mental frequency component of the filtered crankshaft
acceleration signal;

means for determining a correction factor of the predeter-

mined energizing time on a basis of a difference between
the value of the amplitude of the fundamental frequency
component and a preset value thereof, and

means for using the correction factor to correct an energiz-

ing time of subsequent fuel injections performed by the
fuel injector,

wherein the means for filtering the determined crankshaft

acceleration signal comprises:
means for identifying a frequency (f,) of the crankshaft
acceleration signal to be filtered and obtaining an
identified frequency (f,) by searching for a local
maximum and a local minimum of the crankshaft
acceleration signal in a predetermined time interval to
determine a half period (T/2) of the crankshaft accel-
eration signal and consequently its frequency and
assuming the frequency as a noise frequency (f,) of
the crankshaft acceleration signal, and
means for filtering out the identified frequency (f,) from
the crankshaft acceleration signal including
identifying an optimal notch filter for filtering out the
noise frequency (f,) from the crankshaft accelera-
tion signal,
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calibrating a plurality of notch filters, each of the
plurality of notch filters being suitable to filter out a
different frequency centered around a typical fre-
quency of a noise of the crankshaft acceleration
signal,

selecting a minimum integral value (F_int(j))
between all integral values (F_int(i)) and by choos-
ing the notch filter that corresponds to the mini-
mum integral value (F_int(j)), and

choosing, among the plurality of notch filters, a notch
filter that minimizes a parameter proportional to an
amplitude of the noise,

wherein the parameter proportional to the amplitude of the

noise is calculated by filtering the crankshaft accelera-
tion signal with each of the plurality of notch filters in
order to obtain an output crankshaft acceleration filtered
signal (F_out(i)) for each of the plurality of notch filters,
each output crankshaft acceleration filtered signal
(F_out(i)) being compared to an average value of the
crankshaft acceleration signal (CS_Avg) in order to cal-
culate a deviation (F_out(1)-CS_Avg) from the average
value of each output crankshaft acceleration filtered sig-
nal, and by integrating the deviation from the average
value (F_out(i)-CS_Avg) of each output crankshaft
acceleration filtered signal to calculate an integral value
(F_int(1)) proportional to the amplitude of the noise for
each output crankshaft acceleration filtered signal.

4. An automotive system comprising an internal combus-
tion engine, the internal combustion engine comprising an
engine block defining a cylinder accommodating a recipro-
cating piston coupled to rotate a crankshaft, a fuel injector for
injecting fuel inside the cylinder, and a crank position sensor
positioned proximal to the crankshaft, the crank position
sensor being suitable to send crankshaft signals to an Elec-
tronic Control Unit of the internal combustion engine,
wherein the Electronic Control Unit is configured to:

command the fuel injector to perform a test fuel injection

with a predetermined energizing time;

use the crank position sensor to determine a crankshaft

acceleration signal during the test fuel injection and
obtain a determined crankshaft acceleration signal;
filter the determined crankshaft acceleration signal and
obtain a filtered crankshaft acceleration signal;
determine a value of an amplitude of a fundamental fre-
quency component of the filtered crankshaft accelera-
tion signal and obtain a determined value of an ampli-
tude of the fundamental frequency component;
determine a correction factor of the predetermined ener-
gizing time on a basis of a difference between the deter-
mined value of the amplitude of the fundamental fre-
quency component and a preset value thereof, and
use the correction factor to correct an energizing time of
subsequent fuel injections performed by the fuel injec-
tor,

wherein the filtering of the determined crankshaft accel-

eration signal comprises the steps of:

identifying a frequency (f,) of the crankshaft accelera-
tion signal to be filtered and obtaining an identified
frequency (f,) by searching for a local maximum and
a local minimum of the crankshaft acceleration signal
in a predetermined time interval to determine a half
period (T/2) of the crankshaft acceleration signal and
consequently its frequency and assuming the fre-
quency as a noise frequency (f,,) of the crankshaft
acceleration signal, and

filtering out the identified frequency (f,,) from the crank-
shaft acceleration signal including:
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identifying an optimal notch filter for filtering out the
noise frequency (f,) from the crankshaft accelera-
tion signal,

calibrating a plurality of notch filters, each of the
plurality of notch filters being suitable to filter out a
different frequency centered around a typical fre-
quency of a noise of the crankshaft acceleration
signal,

selecting a minimum integral value (F_int(j))

14

determine a correction factor of the predetermined ener-
gizing time on a basis of a difference between the
determined value of the amplitude of the fundamental
frequency component and a preset value thereof; and

use the correction factor to correct an energizing time of
subsequent fuel injections performed by the fuel
injector,

wherein during the filtering of the crankshaft accelera-
tion signal the computer program is configured to:

between all integral values (F_int(i)) and by choos- 10 . .

ine the notch ﬁ%ter that co(rrgs o(n)(is to tl}lle rtini- identify a frequency (f,) of the crankshaft accelera-

mﬁm integral value (F_int(j)) eI:n d tion signal to be filtered by searching for a local
choosing, among the plurzllity of notch filters, a notch maximum anq a lo.cal iimu .Of th? crapkshaft

filter that minimizes a parameter proportional to an acceleration signal in a predetermined time interval

amplitude of the noise 15 to determine a half period (T/2) of the crankshaft

wherein the parameter proportional to the amplitude of aczelerathn 51g1111a1 fand consequently.lts irequency

the noise is calculated by filtering the crankshaft aII} azsﬁmmfni(; liiequenlc yasa nglsel req(lilency
acceleration signal with each of the plurality of notch (£,) of the crankshaft acceleration signal, an
filters in order to obtain an output crankshaft accel- filter out the.: frquency (f") from the crankshaft accel-
eration filtered signal (F_out(i)) for each of the plu- 20 . eration Slgnal including: . .
rality of notch filters, each output crankshaft accelera- identify an optimal notch filter for filtering out the noise
tion filtered signal (F_out(i)) being compared to an frequency (f,) from the crankshaft acceleration sig-
average value of the crankshaft acceleration signal 1.1a1, . .
(CS_Avg) in order to calculate a deviation (F_out(i)- calibrate a plurality of notch filters, each of the plurality
cs jAVg) from the average value of cach output 25 of notch filters being suitable to filter out a different
crankshaft acceleration filtered signal, and by inte- freguer}c;;lcenteglfdhai{ound la typlcal .freqluency of a
grating the deviation from the average value (F_out no1se o .t 1¢ cranksha tacce eratlor} s1gha’,
(1)-CS_Avg) of each output crankshaft acceleration sel.e ct a minimum 1nt§:gre.11 value (F—lm(]).) between all
filtered signal to calculate an integral value (F_int(i)) integral values (F_int(1)) and b.y.ChOOS.l ng the notch
proportional to the amplitude of the noise for each 30 filter that corresponds to the minimum integral value

output crankshaft acceleration filtered signal.

(F_int(j)), and

choose, among the plurality of notch filters, a notch filter
that minimizes a parameter proportional to an ampli-

tude of the noise,
wherein the parameter proportional to the amplitude of the

5. A computer readable medium embodying a computer

program product, the computer program product comprising:

a computer program for operating an internal combustion
engine, the internal combustion engine comprising an 35

engine block defining a cylinder accommodating a
reciprocating piston coupled to rotate a crankshaft, a fuel
injector for injecting fuel inside the cylinder, and a crank
position sensor positioned proximal to the crankshaft,

noise is calculated by filtering the crankshaft accelera-
tion signal with each of the plurality of notch filters in
order to obtain an output crankshaft acceleration filtered
signal (F_out(i)) for each of the plurality of notch filters,
each output crankshaft acceleration filtered signal

the computer program configured to: 40 . .

command the fuel injector to perform a test fuel injec- (F_out(i)) being compare d to an average value of the
tion with a predetermined energizing time; crankshaft acceleration signal (CS_Avg) in order to cal-

use the crank position sensor to determine a crankshaft culate a deviation (F_out(i)-CS_Avg) from the average
acceleration signal during the test fuel injection; value of each output crankshaft acceleration filtered sig-

filter the crankshaft acceleration signal and obtglin a 45 nal, and by integrating the deviation from the average

filtered crankshaft acceleration signal;

determine a value of an amplitude of a fundamental
frequency component of the filtered crankshaft accel-
eration signal and obtain a determined value of the
amplitude of the fundamental frequency component;

value (F_out(i)-CS_Avg) of each output crankshaft
acceleration filtered signal to calculate an integral value
(F_int(1)) proportional to the amplitude of the noise for
each output crankshaft acceleration filtered signal.
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